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Abstract—Direct-driven wind turbine has become one of
the mainstream technologies in wind power generation.
Studying the system structure and the control technology of
direct-driven wind turbine is the basis for optimization
operation of direct-driven wind turbine. The system
structure of direct-driven wind turbines is analyzed and the
main subsystem mathematical model of direct-driven wind
turbine are established, including wind speed model,
aerodynamic model, generator model, and grid side
converter model. The overall model of direct-driven wind
turbine is established by integration of each subsystem
mathematical model. The overall model of the direct-driven
wind turbine is modeled and analyzed, and the simulation
results show that the direct-driven wind turbine model can
accurately reflect the dynamic characteristics of the direct-
driven wind turbine operation process.

Index  Terms—direct-driven wind turbine; control
technology; mathematical model; dynamic characteristics

L INTRODUCTION

With the gradual development of wind power
technology, especially the development of large power
converter technology, full power converter wind turbines
have gradually become the mainstream model of wind
power. Direct-driven wind turbine as a full power
converter wind turbines have been obtained the
widespread application. Therefore, studying the system
structure and the operation principle of direct-driven wind
turbine, is one of the main ways to improve the operating
efficiency of direct -driven wind turbine.

Rolan et al. [1] analyzed the advantages of the direct-
driven wind turbine , established the wind speed model,
the aerodynamic model and the generator model. These
model were simulated and analyzed, the results show that
these model can reflect the operating characteristics of
the direct-driven wind turbine in a certain extent. Kim et
al. [2] analyzed and simulated the direct-driven wind
turbine control system and presented a direct-driven wind
turbine reactive power control algorithm, so as to provide
reactive power support for grid. The converter is an
important component of the direct-driven wind turbine,
therefore, research on the control algorithm of the full
power converter is the basis for the stable operation of the
direct-driven wind turbines [3-4]. Tiwari et al. [5-6]
modeled and analyzed the direct-driven wind turbine
using MATLAB/SIMULINK toolbox, which further
promotes the study of the direct-driven wind turbine
technology. Jayalakshmi et al. [7-8] analyzed the running
characteristics of the grid type direct-driven wind turbines,
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and  established the corresponding  simulation
model ,which provides support for the grid control
technology research of the direct-driven wind turbines.
Janani et al. [9] analyzed and modeled the small direct-
driven wind turbine running principle, which Provides the
foundation for the application of the small direct-driven
wind turbine. Large direct-driven wind turbines are the
development direction of the direct-driven wind turbine.
Studying the large direct-driven wind turbine operating
principle and control scheme are to provide support for
the application of the direct-driven wind turbine [10].

Based on the existing direct-driven wind turbine
research, the system of the direct-driven wind turbine are
analyzed. The mathematical model of the direct-driven
wind turbine main subsystems are established, including
wind speed model, aecrodynamic model, generator model,
the grid side converter model. The whole model of the
direct-driven wind turbine is established by integrating
each subsystem mathematical model. The
dynamic characteristics of the direct-driven wind
turbine are studied and analyzed.

II.  WIND SPEED MODEL

Before the system mathematical model of the direct-
driven wind turbine is established, the overall structure of
the direct-driven wind turbine is analyzed firstly. The
overall structure of the direct-driven wind turbine is
shown as Figure 1.

The direct-driven wind turbine includes the rotor, the
direct-driven permanent magnet synchronous generator
(PMSQ), the converter (including machine side converter
and grid side converter), the direct-driven wind turbine
control system, the power grid and other parts. The rotor
is to convert the wind energy into the mechanical energy.
For the direct-driven wind turbine, the rotor is directly
connected to the direct-driven permanent magnet
synchronous generator, so the gear boxis no longer
needed. The PMSG converts the mechanical energy into
the electrical energy. However, because of the frequency
and the amplitude of the PMSG output voltage do not
match, the PMSG can not be directly connected to the
grid, the PMSG is connected to the power system through
a converter. The direct-driven wind turbine control
system is responsible for the wind turbine maximum
wind energy capture, as well as the amplitude control and
the phase control of the converter output voltage. The
coordinated operation between the direct-driven wind
turbine and the power grid is achieved. Wind speed is the
power source of the wind turbine and the wind speed
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Figure 1 Overall structure of the direct-driven wind turbine

model is the basis for the research of the wind turbine.
Wind speed model is studied and analyzed firstly in this
paper.

The natural wind speed has random characteristics, and
the natural wind speed can be described through the
Vander Hoven wind speed spectrum model, As shown in
Figure 2.
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Figure 2 Vander Hoven spectral model of the wind speed

Figure 2 shows that the Vander Hoven wind speed
spectrum model is composed of the mid-long term wind
speed and the short-time wind speed (the part of the
dotted line in Figure 2, the wind speed spectrum curve
from the beginning of 10min to the right). The short-time
wind speed is the main factor influencing the dynamic
characteristics of the wind turbine and the wind energy
capture efficiency. Therefore, The wind speed model
established in the paper is the short-term wind speed
model.

The short-time wind speed can be composed of the
average wind speed (the average wind speed between the
10 min to 1 h) and the turbulence. The turbulence obeys
the gauss normal distribution and the average value of the
gauss normal distribution is zero, and the standard of the
gauss normal distribution deviation depends on the size
of the average wind speed. The calculation formula can
be shown as equation (1) .
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V(t)=‘/s (t)+w(t) (1)
where, ,, (¢) represents the average wind speed,

typically taking 1 h average wind speed in the calculation;
v (¢)represents turbulent. The size of v ( z) affect the

magnitude of the turbulence.
The value of w (t) can be calculated by multiplying

the white noise with unit variance and the shaping filter.

S (w) represents power spectral density and the
calculation formula is shown as equation (2).

So (w) =|H: (w)[ -0 (w) )

Where, s, (w) represents power spectral density and

its value is constant, | Hi( jw)| represents the transfer

function of the shaping filter. Von Karman gave the
shaping filter transfer function expression, which is
shown as equation (3).

“ 3)

)y
F

Where, Tr = L / w(t) represents time constants. L is
chosen according to the Danish standard (DS 4722007),
according to the Danish standard, the expression of Z.
can be shown as equation (4).

K

150m, when z=30m @
- S5zm, when  z<30m

Krrepresents the gain of the transfer function, the
calculation formula is shown as equation (5).

2 Tr

B(1/2,1/3) T
Where, 7i represents the sampling time of the white
noise, which can be configured. B( x, y) represents the

)

beta function.
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The non integer order filter in the Von Karman filter is
used in equation (3), the calculation process of the non
integer order filter is difficult. Therefore, this article uses
the improved Von Karman filter and the improved Von
Karman filter has the integer order transfer function. The
improved von Karman filter transfer function has the
same efficiency with the non integer order filter, but the
calculation process becomes simple. The improved filter
transfer function expression formula is shown as equation

(6).

(6)
(1+ jwTr ) (jwmeTr +1)
Where, mi =0.4, mp =0.25.
Based on the above knowledge, the calculation process
of the turbulence can be shown as Figure 3.

The long-term average v(t)

wind speed v,(t) A >

White noise generator White noise generator 0
e(®) 1 e(®

Fig. 3 Process of turbulence calculation

Figure 4 is the 10 s turbulent wind speed generated by
the turbulence model. It is can be known from Figure 4
that the turbulence fluctuation amplitude is related to the
size of the average wind speed ., (¢)- The ,, (¢) is

smaller, the turbulence fluctuation also is smaller; When
the ,, (2) is bigger, the turbulence fluctuation is bigger

too. The conclusion is consistent with theoretical

knowledge.
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Figure 4 Simulation of turbulence

Figure 5 shows the statistical characteristics of the
turbulence. It can be known that the turbulence obeys the
Gauss normal distribution, and standard deviation ©
depends on the size of the average wind speed ., (2)-
When the average wind speed is 14m/s, the standard
deviation ¢ is greater than the standard deviation of the
average speed 7m/s. The above simulation results prove
the correctness of the established turbulence model.

III. MATHEMATICAL MODEL OF THE AERODYNAMIC

Rotor is the device to convert wind energy into
mechanical energy. The conversion relation is shown as
equation (7) .

1
B, = Eanzvjcp (B.2) (7
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Figure 5 Statistical characteristics of turbulence

Where, Fyr represents the mechanical power of the
wind turbine; p represents the air density; R represents

the rotor radius; v represents the wind speed; S
represents the pitch Angle; Arepresents tip speed ratio;
C, represents the wind energy use efficiency. The
relationship among C, , 4 and f is shown as equation

(8).

22.5
Cp(ﬁ,i)=0.22(lif6—0.4ﬁ—5)e &

i ®)
1 _ 1 0.035
Ao A+0.088 B+1

Figure 6 illustrate the relationship among C,, 4 and
S . This paper
characteristics of the direct-driven wind turbine. In order
to facilitate the analysis of the main problems, the direct-
driven wind turbine is running below the rated wind
speed and the pitch angle is 0 degrees in the study process.
Under this assumption, the size of C, is associated with

mainly studies the dynamic

A only.

IV. MATHEMATICAL MODEL OF THE GENERATOR CONTROL
SYSTEM

The voltage (a, b, c¢) three coordinate system can be
transformed into (d, q) two coordinate system through the
Park transform. The transformed coordinate system (d, q)
is shown as equation (9).

{ud = Rz'd +Ld'z,d D, w ©)
u,=Ri, +Li +®P, 0

Where R represents the stator resistance; us and u,
represent d axis and q axis stator voltage component
respectively; Lz and I, represent d axis and q axis
inductance respectively; s represents the stator
frequency; ®s and ®, represent d axis and q axis
magnetic flux respectively; ®s and @, can be calculated
from equations (10) and (11).

®,=Li,+P, (10)
q)q=Lqiq (11)

In equation (10), ®. is determined by the permanent

magnet constant flux.

The equation (12) can be obtained to take equations
(10) and (11) into equation (9).
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Figure 6 Calculation relation of C,, f and 4

u, =Rid+Ldi:;—Lqiqa)s (12)
u, =Ri +Li +(Li, +P, )
The electromagnetic torque can be calculated by
equation (13).

I, = P(q)diq _(I)qid) = p[q)miq +(L, _Lq)idiq] (13)

Where, 7 represents the number of pole pairs. If the
permanent magnet is installed in the rotor surface , then

Li = Li  The equation (13) can be simplified as
equation (14).
When the generator connected to the grid, the equation
(12) is turned into equation (15).

u, ==Ri, - L, +L ® w;

u, =—Ri, - L i, —(Li, -, )

The stator frequency as is proportional to the shaft

speed, namely ax = pC . The equation (15) can be

(15)

expressed as equation (16).
x=[x@ %O

u=[u, u,]

[i, ) ,(1)] (16)

Therefore, the PMSG model connected to the power
grid can be represented by equation (17).

L 1
—ﬁx1 +p—Lx,9Q, -— 0
’ Ld Ld Ld (17)
TR Lx-d " 1|
-—x-p——"Q, 0 T
I, 3 L
y=l;=p®,x,

The simulation model of the generator control system is
shown as figure 7.

V. MATHEMATICAL MODEL OF THE GRID SIDE CONVERTER

For direct-driven =~ wind  turbine, the grid side
converter works in the inverter mode. The voltage and the
current of the inverter complies with the requirements of
the AC network.

Figure 8 is a direct-driven wind turbine grid side three-
phase voltage source inverter structure
diagram. [, represents grid side filter inductor
parameters, R, represents grid side line resistance. For
the grid side, the inductance equivalent impedance is far
greater than the resistance value. In the control system
design, the impact of R, on the control system is

20

negligible. The DC voltage source ua. is on behalf of the
grid side inverter DC bus voltage. During the model
building process, the three-phase grid voltage are
assumed  symmetrical and  stable.  The  switch
components in the circuit are the ideal switch. The DC
bus voltage ws maintains constant. The grid side filter
inductor I, has a linear characteristic and without

considering the saturation.
Wind Turbine
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Figure 7 Control model of the generator

Based on the above conditions, the mathematical
expression of the grid connected inverter is analyzed. The
provisions of the two valued logic switch function is Sk .

i de I

+
v, Vs Vs
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) c —— | & e,
5k ek

Figure 8 Direct-driven wind turbine grid side inverter

B 1 upper conduction, under off (k=4 B.C) (8)

70 upper off , under conduction

Equation (19) can be got according to the switching
function.

di
_ _ _ . A
Uy =S, =u, +u, =Ri +L, % te, v,

Ugy =U (19)

dc

di
= =Ri B
Sp=uy +u, =Ri,+L, I +e, +u

Ugy =UySe = U,

http://www.i-joe.org
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Because the three-phase grid voltage is symmetrical
and stability, so iu+iz+ic=0 and e+e+e =0
Equation (20) can be got from equation (19).

1
Uon = E(SA +8y +Sc Uy (20)

Equation (21) can be got to take equation (20) into
equation (19).

di . (S, +S;+S0)
Lgd—;=—RglA—ea+[SA—% Uy,
di . (S, +S,+S.) 21
87;3=—Rg13—eb+ 53—% u,, @1
di. , (S,+S,+S.)
LgT; =-R,i.—e, + [SC —%}ulk
C%=—SAiA—SBiB—SCiC+idC

The state equation of equation (21) is shown as
equation (22).

_& 0 0 udu(S 1 5 b
A k
i) L, i, L, & L 22
d . Rg’ . Uge 1 )
igl=] 0 =50 ||iy|+]|-2(S, -~ Zsk——
dl . Lg . La 3k=a. ,C Lg
i I ¢
R, Uy, 1 e,
0 0 - S5 287
Lg Lg 3A:a. ,C Lg
)

The state equation of PWM inverter can be got in (d,
q) coordinate system by rotating the coordinate
transformation, which is shown as equation (23).

. R 1
diy] -2 g —(S.u, -e,)
L ] L
dt _ g sd + ¢ (23)
di |~ R, ||i |
1 - --£ 4 f(Ssqudc - eq)
di . ;
= R, le 1,
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i |, { tfft
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Pl
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In equation (23), w is the grid angular frequency;
e and ¢ are the grid voltage of d and g-axis
component; i« and i, are the grid current of d and
g-axis component; Sw and Sy, are d and g-axis

switching function respectively. The inverter output
AC voltage satisfy equation (24).

u, =qu Uy,

(24)
Ug =S5 Uy
VI. SYSTEM ANALYSIS
According to the mathematical model of the

aforementioned direct-driven wind turbine, the direct-
driven wind turbine control system structure is
constructed, which is shown as Figure 9.
The control system is modeled and analyzed, the model
parameters are shown in Table 1.
Table 1 PMSG parameters

Parameter Symbol Value
Rated generated power P, rated 2 MW
Rated mechanical Speed W, rated 2.18
Stator resistance R, 0.08Q2
Stator d-axis inductance Ly 0.334H
Stator g-axis inductance Lgs 0.217H
Stator leakage inductance Lis 0.0334H
Permanent magnet flux Yy 0.4832Wb
Pole pairs P 3

The direct-driven wind turbine dynamic characteristic

is simulated and analyzed using the constructed model.
Figure 10 is the direct-driven wind turbine stator output
voltage. In the simulation process, the grid voltage drops
to 90KV from 120KV within 0.03-0.13 seconds, the
system is back to normal at 0.13 seconds after. Figure 10
shows that the direct-driven wind turbine output voltage
also reduces with the grid voltage dropping. When the

g g Grid
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| L

ﬁﬁﬁ i, i/’\i‘i e, le e(i

s abc & g  Voltage
u, u T da ——4 space vector

a A oriented

ag af
&, da
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I A
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o
ldT -

i;T*
i o

c

Fioure 9 Direct-driven wind turbine machine side control svstem
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system returns to normal, the direct-driven wind turbine
output voltage immediately returned to normal. The
direct-driven wind turbine model can accurately reflect
the change process of the grid voltage.

800
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|
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0.03 0.13 0.5 1
Simulation time (t/s)

Figure 10 Stator output voltage

Figure 11 is the direct-driven wind turbine stator
output current. Figure 11 shows that the generator stator
output current increases within 0.03-0.13 seconds. The
generator stator output current increases mainly because
the direct-driven wind turbine in order to maintain the
stability of the output voltage of the stator end in this
period. The reactive power output is increased, resulting
in the direct-driven wind turbine output current increases.
In 0.13 seconds later, the grid voltage returns to normal,
but the generator output current requiresa response
time to return to normal, this is because of the lag of the
direct-driven wind turbine power output control system
response time.
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4l

500

-500

The stator current (A)
o

-1000 {4

-1500

0.03 0.13 1
Simulation time (t/s)
Figure 11 Stator output current

Figure 12 is the direct-driven wind turbine output
active power. It is can be seen from Figure 12 that the
direct-driven wind turbine output active power reduces
within 0.03-0.13 seconds. In 0.13 second later, the grid
voltage returns to normal, but the generator output active
power requires a response time to return to normal, this is
because of the lag of the direct-driven wind turbine active
power output control system response time.

Figure 13 is the DC bus voltage of the direct-driven
wind turbine. It is can be seen from Figure 13 that the DC
bus voltage increases mainly due to the increasing of the
direct-driven wind turbines output reactive power within
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0.03-0.13 seconds. In 0.13 seconds later, the grid voltage
returns to normal, the DC bus voltage fluctuates a period
time before to return to normal, this is because of the lag
of the DC bus control system response time.
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Figure 13 DC bus voltage

VII. CONCLUSIONS

The system structure of the direct-driven wind turbine
was analyzed in the paper. The mathematical model of
the direct-driven wind turbine all major subsystems,
including wind speed model, aerodynamic model
generator model, the grid-side converter model were
established. Based on these subsystems, the whole model
of the direct-driven wind turbine was established by
integrating the various subsystem mathematical model.

The whole model of the direct-driven wind turbine was
modeled and analyzed, the simulation results indicate that
the direct-driven wind turbine model can accurately
reflect the dynamic characteristics of the wind
turbine operation process. The study of the paper
provides support for studying the wind turbine operating
principles and improving wind turbine operating
efficiency.
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